Ternary vanadia-chromia/silica, molybdena-chromia/silica and nickel oxide-chromia/silica solid catalysts were prepared by the impregnation method. Their structural characteristics were examined using differential thermal analysis (DTA) and X-ray diffraction techniques. The catalytic activities of the prepared samples towards the conversion of isopropanol and cyclohexanol and the kinetics of these catalytic conversions were studied with the aid of a microcatalytic pulse technique. In addition, the surface acidities of selected samples were measured from the percentage of propene produced by the poisoned catalysts.
INTRODUCTION
The decomposition of alcohols has been employed as a catalytic test for the study of dual function catalysts. During the past decade, the catalytic conversion of cyclohexanol has received considerable attention in industrial technology, particularly in terms of the generation of cyclohexanone as a dehydrogenation product of cyclohexanol and its function as an intermediate for the manufacture of caprolactam (Yu-Ming et al. 1988; Ries 1968; Wu 1982; Pines and Haag 1961) . On the other hand, isomerization accompanying the dehydration of cyclohexanol provides an important route towards meeting the demands of the petrochemical industry. In addition, the dehydration and/or dehydrogenation of isopropanol is important for the production of acetone and propylene (Pines 1964) . For this purpose, alumina-supported metal and/or metal oxide solids have been employed extensively as binary or ternary systems for the catalytic conversion of various alcohols El-Hakam and El-Sharkawy 1998; El-Sharkawy et al. 2000) . However, chromia/silica, vanadium pentoxide-chromia/silica, nickel oxide-chromia/silica and molybdenum trioxide-chromia/ silica systems have received little attention in this regard. The present report deals with the impregnation of chromia/silica solids with Ni 2+ , Mo 3+ and V 5+ ions and its effect on the surface acidities of the examined samples and then correlates this surface parameter with the effectiveness of the respective solids as catalysts for the conversion of isopropanol and cyclohexanol.
EXPERIMENTAL
The catalysts studied were all prepared by the precipitation/impregnation method as described previously (Youssef et al. 1998) . A sample of chromia/silica (20 wt% Cr 3+ ) was prepared by impregnation of preprecipitated silica with an aqueous solution of chromium nitrate containing an appropriate amount of Cr 3+ ions and then drying the resulting solid at 120ºC for 24 h. Samples of particle size 0.4-1.25 mm were then precalcined for 8 h at 500ºC, 700ºC and 900ºC, respectively.
Chromia/silica-supported NiO, V 2 O 5 and MoO 3 samples containing 1, 3, 5 and 8 wt% Ni, V or Mo were prepared by impregnating the predried samples in solutions of nickel nitrate, ammonium metavanadate or ammonium molybdate, respectively. All these impregnated samples were dried at 120ºC and then precalcined at 500ºC. In the designation of these samples employed below, C20 refers to a chromia/silica sample containing 20 wt% chromium while C20X3-1 represents a chromia/ silica sample of 20 wt% Cr impregnated with 3 wt% NiO (X = N), V 2 O 5 (X = V) or MoO 3 (X = M) followed by precalcination at 500ºC, i.e. the Arabic number indicates the wt% of metal oxide, whereas the Roman number designates the precalcination temperature.
Techniques
Differential thermal analysis (DTA) was conducted employing a GDTD16 Setram Thermoanalyzer (Setram, Lyon, France), using a Pt/Rh thermocouple and -Al 2 O 3 as a reference solid. For X-ray diffraction measurements, a Siemens Rigaku 'Geiger Flux' D/max 1 A instrument was employed using Ni-filtered Cu radiation to study the structural properties of the precalcined samples.
A microcatalytic pulse technique was used for the determination of the surface acidity and catalytic activities of the various solid samples investigated. For the determination of surface acidity, each solid sample was activated at 500ºC for 3 h in a nitrogen stream, then various doses of pyridine were injected on to the solid sample at 320ºC and its behaviour in the catalytic conversion of isopropanol examined after each such injection. The catalytic conversion of isopropanol and cyclohexanol by the respective unpoisoned solid catalysts as well as the kinetics of these conversions were also studied at different reaction temperatures.
RESULTS AND DISCUSSION

Structural characterization
The effect of thermal treatment on the dried samples was examined through the use of DTA curves (not illustrated) which indicated that the observed thermal changes were all endothermic in nature. Such endothermic behaviour within the temperature range 180-200ºC may be attributed to the thermal decomposition of chromium nitrate into -Cr 2 O 3 . On the other hand, the only XRD lines detected for the various precalcined samples were located at 2 values of 24.3, 33.4, 36.1, 41.3, 54.7, 63.6 and 65.2° , thereby revealing that -Cr 2 O 3 was the only detectable phase in all the samples investigated (Youssef et al. 1998; Ellison et al. 1987) without any interaction occurring between the -Cr 2 O 3 and the SiO 2 support. The presence of this phase may arise from the thermal decomposition of chromium nitrate. On the other hand, the XRD patterns of the chromia/silica samples impregnated with Ni, Mo or V ions were the same as that observed for the unimpregnated sample. Although nickel oxide, molybdenum trioxide and vanadium pentoxide may be considered to arise from the thermal decomposition of their precursors, the non-appearance of XRD patterns characteristic of these three oxides in the overall spectra may be attributed to their high dispersion over the SiO 2 support (which was characterized by a high surface area), particularly at lower concentrations of these oxides.
Acidity measurements
Measurements of the surface acidity were only undertaken for samples C20-I, C20M3-I, C20N3-I and C20V3-I through the use of the poisoning method and the application of the equation reported by Panchenkov and Lebedov (1976) . Determination of the amount of pyridine necessary to completely inhibit the catalyst activity was effected through use of the equation:
where A p is the activity of the poisoned catalyst, A 0 the activity of the fresh catalyst, the poisoning coefficient and C p the poison concentration. Such acidity measurements were only undertaken for the samples precalcined at 500ºC for two reasons: (i) these samples exhibited the highest selectivities towards isopropanol and cyclohexanol, and (ii) precalcination above 500ºC could lead to the removal of some of the surface acidity (El-Sharkawy 1998; El-Hakam and El-Sharkawy 1998). Plots of A p /A 0 versus C p , i.e. the poisoning isotherms (not illustrated), enabled the surface acidities of the various samples and other related parameters to be evaluated. All these various quantities are listed in Table 1 . Analysis of these results shows that the values of N and d follow the sequence: C20V3-I > C20M3-I > C20-I > C20N3-I. The evaluated values of N and d were found to be in accord with the enhanced catalytic activities induced by all the catalysts. 
Catalytic conversion of isopropanol and cyclohexanol
The decomposition of alcohols proceeds via dehydration and/or dehydrogenation (Youssef and Mostafa 1988; Richter and Ohlmann 1988) . This was the basis of our studies, i.e. the catalytic conversion of isopropanol generated propene as the dehydration product (DHD) and acetone as the dehydrogenation product (DHG), while the catalytic conversion of cyclohexanol produced cyclohexene as the dehydration product and cyclohexanone as the dehydrogenation product. Furthermore, the present studies also indicate the formation of methylcyclopentene as an isomerization product which occurred simultaneously with the dehydration of cyclohexanol (Pines 1964). The conversion of isopropanol was studied over the investigated catalysts at temperatures in the range 280-360ºC (see Figure 1 ) using a flow rate of 37.5 cm 3 /min. In contrast, different conditions were selected for the catalytic conversion of cyclohexanol, where a flow rate of 34.1 cm 3 /min and temperatures in the range 360-440ºC were considered (see Figure 2 ). The effects of various parameters, e.g. precalcination temperature, reaction temperature, impregnants and impregnant percentages, have been studied in detail in the present work. Table 2 lists the effect of precalcination temperature in the range 500-900ºC on the catalytic conversion of isopropanol and cyclohexanol over sample C20. The conversion data reported in this table indicate that the catalytic activity decreased continuously with increasing precalcination temperature within the range studied. The observed decrease in the percentage conversion of reactants may arise from the removal of a fraction of the acidic surface groups upon heating at higher temperatures (El-Hakam 1991). 
Effect of precalcination temperature
Effect of impregnation with various cations
The addition of various amounts of V 2 O 5 to C20 followed by precalcination at 500ºC and the influence of the resulting solid on the subsequent catalytic conversion of isopropanol is demonstrated by the data depicted in Figure 3 , while the effect of the reaction temperature employed for the conversion process is indicated by the data listed in Table 3 . It is evident from Figure 3 that the activity exhibited towards catalytic dehydration increased significantly as the addition of vanadium was increased from 1 wt% to 3 wt% and then decreased on further increase of vanadium content to 5 wt% and ultimately to 8 wt%. It has been reported that the conversion of isopropanol over vanadium pentoxide proceeds mainly via dehydration, with the extent of dehydrogenation being either very small or negligible. In the present work, the addition of this oxide to C20 increased the acidity of the chromia/silica substrate to a certain extent. The addition of 3 wt% Mo or Ni to C20 followed by precalcination at 500ºC was accompanied by changes in the catalytic activity of the examined samples (see data recorded in Table 3 ). From these data, it is evident that the addition of 3 wt% Mo led to an increase in the dehydration activity. At the same time, this was accompanied by a ca. 40% decrease in the dehydrogenation of isopropanol to acetone. However, the total activity of the Mo-containing catalyst remained higher than that of C20-I. On the other hand, the presence of NiO in C20 led to an increase in the dehydrogenation activity and a decrease in the dehydration activity, with the total catalytic conversion over C20N3-I being lower than that over C20-I. This result may be attributed to the creation of basic sites upon the addition of NiO to C20 catalyst with a corresponding decrease in the number of acidic sites present (Ai and Suzuki 1973a,b) .
The conversion of cyclohexanol over the various impregnated catalysts gave the results listed in Table 4 which reveal the following:
1. Impregnation with MoO 3 or V 2 O 5 led to an improvement in the total conversion of cyclohexanol.
Dehydration and isomerization are acid-catalyzed reactions (Dzisko 1965; Clearfield and Thakur 1980) . An increase in the products of these reactions may indicate an increase in the surface acidity upon impregnation with these oxides, i.e. it is possible that the measurable acidity also influences the extent of product formation as well as initiating the catalytic conversion of isopropanol and cyclohexanol. Hence, the dehydration and/or isomerization reactions may be considered a good test of acidity. 2. Sample C20N3-I exhibited very low dehydration activity and, at the same time, gave no measurable isomerization activity. Impregnation with NiO (as with sample C20-I) is known to decrease the surface acidity in some mixed oxide systems (Viswanathan and Yeddanapalli 1974) . 3. The dehydrogenation activity follows the order C20N3-I > C20M3-I > C20V3-I whereas the dehydration and the isomerization activities follow the order C20V3-I > C20M3-I > C20N3-I. This is confirmed by the surface acidity measurements. 
Effect of reaction temperature
Data relating to the influence of the reaction temperatures on the catalytic conversion of isopropanol are listed in Table 3 , while the influence of the impregnant type and reaction temperature on the formation of cyclohexene and cyclohexanone, and the isomerization of cyclohexene to methylcyclopentene, for some of the impregnated catalyst is presented in Table 4 .
Reaction selectivities
The selectivity of a catalyst towards a particular reaction is usually estimated by dividing the variation in the respective conversion towards a certain product (C x ) by the total conversion (C). Thus, the selectivity towards propene and acetone were calculated from the following equations:
and S p = C p /C and S a = C a /C
where C p = percentage propene generated, C a = percentage acetone generated, S p = propene selectivity and S a = acetone selectivity. Figure 4 depicts the influence of increasing the Cr 2 O 3 content in the range 10-30 wt% in the chromia/silica catalysts on the values of S p and S a while Figure 5 shows the values of S p and S a for C20M3-I and C20N3-I, respectively, as a function of the reaction temperature. It is evident that in all cases the selectivity towards dehydrogenation increased whilst that towards dehydration decreased with an increase in the reaction temperature. This may be due to the sensitivity of the condensation products formed on the catalyst surface towards the reaction temperature. It has been reported previously that higher precalcination temperatures may remove some surface acidity (El-Hakam 1991) and hence decrease the dehydration activity of isopropanol. The incorporation of MoO 3 and NiO in the chromia/silica solid influences its chemical properties and hence its selectivity toward DHD and/or DHG in the catalytic conversion of isopropanol. Thus, the selectivity towards dehydration was improved upon impregnating C20-I with 3% MoO 3 , whereas that of C20-I towards dehydrogenation was higher than that of C20M3-I (see data listed in Table 3 ). This may be attributed to the greater acidity induced by the presence of MoO 3 in the crystal lattice of the chromia/silica solid. However, the incorporation of NiO in the chromia/silica system led to the reverse order in the selectivity of C20M3-I towards both DHD and DHG. This may be explained by the basic nature of NiO (Ai and Suzuki 1973a,b) . The selectivity of the C20V system towards dehydration (S p 1) was the greatest of the catalysts studied. This may be attributed to the acidic properties resulting from the addition of vanadium, as has been demonstrated by the acidity measurements conducted in the present work and by other investigators (Chakrabarty et al. 1976) . Figure 6 depicts the calculated selectivity of C20-I, C20V3-I, C20M3-I and C20N3-I towards dehydration (DHD), dehydrogenation (DHD) and isomerization (ISOM) which occurs as a consequence of the dehydration of cyclohexanol. Inspection of the selectivity curves reveals that the selectivity towards DHD and ISOM generally decreases with reaction temperature whereas the selectivity towards DHG increases. 
Reaction kinetics
The kinetics of the catalytic conversion of isopropanol over C20-I, C20V3-I, C20M3-I and C20N3-I were studied at different reaction temperatures and flow rates of carrier gas in the range 21.4-50 cm 3 / min. The kinetic data for isopropanol dehydration over pure chromia/silica and C20V3-I, and for dehydrogenation over C20M3-I, were interpreted by applying the Bassett-Habgood equation (Bassett and Habgood 1960) , whereas the dehydrogenation of isopropanol over the unimpregnated chromia/ silica and C20N3-I, and the dehydration activity over C20M3-I and C20N3-I, were interpreted by applying Kiperman's equation (Kiperman 1964) . It is evident from the representative data depicted in Figure 7 (DHD for isopropanol over C20V3-I) and Figure 8 that the data obtained gave a good fit towards first-order Bassett-Habgood plots, with the latter passing through the origin when ln[1/(1 -X)] was plotted against 1/F 0 . Accordingly, under the experimental conditions employed in these particular reactions, a first-order reaction was observed. In contrast, plots of log X versus log(1/V) as required by the Kiperman equation gave a fractional order for the kinetic reaction [see Figure 8 (b) ]. It was also found that the order of the reaction increased with increasing metal content of the catalyst as well as by an increase in the precalcination temperature employed. Where a first-order reaction was observed, the activation energy could be calculated from a plot of log{ln[1/(1 -X)]} versus 1/T whilst, for fractional order reactions, the same quantity was obtained from a plot of log k versus 1/T, where k is the rate constant, T the reaction temperature (K) and a flow rate equal to 37.5 cm 3 /min. Figure 9 shows the corresponding Arrhenius plots for the firstorder kinetics of isopropanol over selected samples which allowed the activation energy (E a ) to be determined in kJ/mol units. Such values have been listed in Table 5 .
The kinetics of catalytic processes involving cyclohexanol over the solids C20-I, C20V3-I, C20M3-I and C20N3-I have also been studied at 420ºC and flow rates of 10.8-27.3 cm 3 /min for the carrier gas. The data were again interpreted by using the Kiperman equation for fractional order reactions and the Bassett-Habgood equation for first-order reactions. Thus, the former equation was used for the interpretation of cyclohexanol dehydration over C20M3-I and C20N3-I, isomerization over C20M3-I and C20V3-I, and dehydrogenation over C20-I, C20N3-I and C20V3-I, while the latter equation was applied satisfactorily for cyclohexanol dehydration over C20-I and C20V3-I, isomerization over C20-I and dehydrogenation over C20M3-I (see Figures 10-12) . The slopes of the linear Kiperman plots ranged between 0.1 and 0.44.
Data obtained for the solid C20-I were employed to compare the activation energies for the catalytic conversion of isopropanol and cyclohexanol. Figure 13 shows the Arrhenius plots for cyclohexanol dehydration and dehydrogenation, and also for the isomerization process accompanying dehydration. The slopes of the linear plots gave activation energies of 18.4, 19.2 and 21.7 kJ/ mol for the dehydration, dehydrogenation and isomerization reactions, respectively.
Comparison of the activation energies for the dehydration and dehydrogenation of isopropanol and cyclohexanol over the samples investigated at a given reaction temperature (keeping all other conditions constant) revealed that the dehydration and dehydrogenation activities were lower for cyclohexanol than for isopropanol. This may be attributed to the larger area occupied by the cyclohexyl group on the catalyst surface relative to that occupied by the isopropyl group. In other words, since the isopropyl group is smaller in size than the cyclohexyl group it will be subject to steric hindrance in both dehydration and dehydrogenation. A second reason which should be taken into account is the stability of the isopropyl carbocation induced by hyperconjugation relative to the situation with the cyclohexyl carbocation. This latter point may be confirmed by comparing the activation energies of the dehydration and dehydrogenation of isopropanol and cyclohexanol over C20-I. The lower activation energies for both the dehydration and dehydrogenation of isopropanol relative to cyclohexanol may also be due to the greater facility with which the isopropanol molecule adsorbs on the catalyst surface. 
Reaction mechanisms
The catalytic conversion of isopropanol leads to the formation of two products, i.e. propene (due to the presence of acid centres) and acetone (due to the presence of redox or basic centres) (El Jamal et al. 1988 ). The mechanism of these reactions has been explained by Fikis et al. (1978) in terms of intermediates typical of an elimination-type mechanism. Thus, propene (1) may be formed via an E2-type mechanism on adjacent vacant surface sites:
Such an attachment of alcohol to the surface through the hydroxy group and an -hydrogen atom has been reported to involve little strain even on plane surfaces (Forester et al. 1976) . Similarly, a two-point adsorption intermediate has been proposed for acetone formation (Krylov 1965a,b) , with one site being the hydroxy group which may also form an adsorbed species from the dehydration reaction. The adsorbed intermediate species will be located at a site offering H or OH, and consequently will be primarily involved with acidic species present on the solid surface (Kuricose et al. 1988 ):
It should be mentioned that the molecular confirmation of cyclohexanol is very important in this case:
Thus, the geometry of cis-cyclohexanol is favourable for trans elimination since the hydroxy group and the neighbouring trans hydrogen atom are coplanar, whereas such conditions would be more difficult to achieve for the formation of trans-cyclohexanol. Hence, the dehydrogenation of cyclohexanol should proceed via the trans configuration. However, dehydration (and consequently isomerization) may be discussed in terms of a carbonium ion mechanism:
(i) Cyclohexanol dehydration:
The relative rate of such carbonium ion rearrangements can be estimated from the relative stability of the carbonium ions involved, i.e. tertiary > secondary > primary (3º > 2º > 1º). For this reason, the isomerization of cyclohexene involving rearrangement of a secondary ion to a less stable primary carbonium ion would be expected to proceed with greater difficulty.
Rearrangements of olefins proceeding via 1º carbonium ions are believed to occur at reasonably fast rates only on relatively strong acid sites, whereas those involving 2º and 3º carbonium ions take place on both strong and weak acid centres.
(iii) Cyclohexanol dehydrogenation:
SUMMARY AND CONCLUSIONS
The following conclusions may be drawn from the work presented:
1. The results obtained from DTA studies reveal that Cr(NO 3 ) 3 9H 2 O decomposes to give -Cr 2 O 3 at ca. 300ºC. In addition, the results obtained from X-ray analysis indicate that -Cr 2 O 3 was the only crystalline phase present in all samples. Furthermore, impregnation of C20 with Ni, V and Mo had no effect upon the XRD patterns. This demonstrates the stability of the chromia/ silica substrate over the temperature range employed in this work. 2. The surface acidity as expressed in acid sites/g followed the order C20V3-I > C20M3-I > C20-I > C20N3-I. 3. Impregnation of chromia/silica with V or Mo led to an improvement in the behaviour of the resulting solids as catalysts for acid-catalyzed reactions, i.e. the dehydration of isopropanol and the dehydration and associated isomerization of cyclohexanol. In contrast, the impregnation of chromia/silica with Ni led to an improvement in the catalytic dehydrogenation activity towards isopropanol and cyclohexanol. Thus, the observed activity and selectivity depends on the nature of the impregnating ion employed. 4. The catalytic conversion of isopropanol or cyclohexanol decreased as the precalcination temperature increased. This may be associated with a decrease in the surface acidity upon thermal treatment. 5. For all the samples investigated, the catalytic conversion of isopropanol was found to be more feasible than that of cyclohexanol as a result of steric hindrance of the cyclohexyl group on the surface. 6. The activation energies for isopropanol dehydration or dehydrogenation were lower than those for cyclohexanol.
